a DNA-binding domain (DBD), formed by two zinc-finger domains, and a putative ligand-binding domain. 3 The physiological functions of NR2F1 have been studied extensively thanks to an Nr2f1 knockout mouse model (the human NR2F1 and murine Nr2f1 proteins share 99% amino acid identity). Previous studies showed that Nr2f1 is important for cortical patterning, [4] [5] [6] [7] thalamocortical axon guidance, 8 neurogenesis, 8 arborization, 9 and eye and optic nerve development. 10, 11 By contrast, studies of human disorders resulting from loss-of-function NR2F1 mutations have been limited. 1, 12, 13 Moreover, these studies may not be sufficient to describe the full phenotypic spectrum of BBSOAS because of the small number of cases identified so far. Here we report 20 new individuals with pathogenic NR2F1 variants and summarize their clinical features.
MATeRIALS AND MeTHODS

Human subjects
Individuals with probable pathogenic NR2F1 variants were enrolled on the basis of their genotypes. From clinical wholeexome sequencing data, we selected coding nonsynonymous variants that were not present in the ESP5400 Exome Variant Server and that were predicted to be damaging/probably damaging by at least one algorithm (PolyPhen-2/Mutation Taster). All these were confirmed by Sanger sequencing. Whole-gene deletion mutations were identified based on clinical chromosome microarray analysis. Three individuals (individuals 1, 3, and 11) were enrolled through Baylor Miraca Genetics Laboratories and eight (individuals 2, 5, 7, 8, 10, 12, 14, and 15) through the GeneDx laboratory. Upon identification of a probable pathogenic variant in NR2F1, genetics counselors from the respective laboratories contacted the referring providers to inform them of research interest by Dr Schaaf 's laboratory. Four other individuals (individuals 9, 16, 17, and 18) were enrolled through the Radboud University Medical Center, Nijmegen, the Netherlands. Individual 9 has been reported before, 14 and re-analysis of the whole-exome sequencing data showed a low covered de novo NR2F1 variant, which was validated by Sanger sequencing. The referring providers of individuals 16, 17 , and 18 contacted Dr de Vries. For the rest of the individuals (individuals 4, 6, 13, 19, and 20) , the referring provider or family contacted Dr Schaaf directly because of a new diagnosis of BBSOAS made by genetic testing. All families reported herein agreed to share clinical information and were enrolled under a research protocol approved by the Institutional Review Board of Baylor College of Medicine. Medical records were reviewed, and the referring providers were asked to complete a clinical questionnaire. All families who shared photographs signed consent for publication.
Generation of patient fibroblast cell lines
Individuals 13 and 14, who had a probable pathogenic variant affecting the start codon of NR2F1, had a skin biopsy performed to establish a fibroblast culture. Individual 13 consented to participate in a research protocol approved by the Institutional Review Board of Baylor College of Medicine. Individual 14 had a skin biopsy performed in 2004 for diagnostic purposes, and fibroblasts were frozen at that time. Upon receipt of signed consent from the individual's parents, fibroblasts were transferred to Dr Schaaf 's laboratory for further testing.
Tissue culture
HEK293T cells were purchased from ATCC (Manassas, VA). Control human fibroblast cells and human lymphoblast cells were from the cell culture core at the Baylor College of Medicine Intellectual and Developmental Disabilities Research Center. HEK293T cells and human fibroblast cells were grown in Dulbecco' s modified Eagle medium (Corning Cellgro, Manassas, VA). Human lymphoblast cells were grown in RPMI 1640 medium (Invitrogen, Waltham, MA). Both media were supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin (Invitrogen, Waltham, MA). All cell cultures were maintained at 37 °C in a humidified incubator supplemented with 5% carbon dioxide.
Dual-luciferase reporter assay
Three expression vectors were used in the assay. The pXP2-NGFI-A vector expresses firefly luciferase under control of the NR2F1-activated promoter, NGFI-A (−168/+33), kindly provided by Ming-Jer Tsai. 10 The pRL-TK vector expresses Renilla luciferase as an internal control reporter and was purchased from Promega. Both the pXP2-NGFI-A and pRL-TK vectors were cotransfected with expression plasmid pcDNA5 of either wild-type or mutant mouse Nr2f1 into HEK293T cells. All point mutations were generated by a QuikChange sitedirected mutagenesis kit (Agilent, Santa Clara, CA). HEK293T cells were seeded in a 24-well plate 24 h before transfection. Cells were cotransfected with 5 ng of each expression vector (total of three) per well with Lipofectamine 2000 following the manufacturer's instructions. Cells were harvested 48 h after transfection, and the luciferase activity was measured following the manufacturer's instructions (Promega, Fitchburg, WI). The luciferase activity was quantified by normalizing firefly luciferase reads to Renilla luciferase reads. The luciferase activity of wild-type Nr2f1 and the empty vector was set as 100 and 0%, respectively. Results are mean values ± SEM from three independent experiments performed in triplicate.
Western blot analysis
Human patient or control fibroblast cell lines were harvested (1.3 × 10 6 cells) and lysed with modified radioimmunoprecipitation assay buffer (25 mmol/l Tris-HCl (pH 7.8), 150 mmol/l NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate, and complete protease inhibitor cocktail (Roche, Indianapolis, IN)). Protein lysate was collected after boiling for 5 min, followed by centrifugation at 13,000 rpm for 10 min. Proteins were quantified using a Pierce BCA Protein Assay Kit (Thermo Scientific, Waltham, MA). Protein (15 Total RNA was extracted from either human lymphoblast or fibroblast cell lines with an miRNeasy Mini Kit (Qiagen, Valencia, CA) following the manufacturer's instructions. RNA was quantified using a NanoDrop 1000 spectrophotometer (Thermo Fisher, Waltham, MA). RNA was reverse-transcribed to complementary DNA using a reverse transcription kit (Qiagen, Valencia, CA). Complementary DNA samples then underwent quantitative real-time polymerase chain reaction on the CFX96 Touch Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA) with SYBR Green FastMix (Quanta Biosciences, Gaithersburg, MD). Relative quantities of NR2F1 messenger RNA were measured with the ΔΔCT method and normalized against the housekeeping gene GAPDH. The quantitative real-time polymerase chain reaction primer sequences were as follows: human NR2F1 forward, 5′-ATCGTGCTGTTCACGTCAGAC-3′; human NR2F1 reverse, 5′-TGGCTCCTCACGTACTCCTC-3′; human GAPDH forward, 5′-CGACCACTTTGTCAAGCTCA-3′; human GAPDH reverse, 5′-TTACTCCTTGGAGGCCATGT-3′. Results are mean values ± SEM from two independent control human lymphoblast cell lines/two independent control human fibroblast cell lines/two patient fibroblast cells lines (individuals 13 and 14) in one experiment.
ReSULTS
We identified 20 individuals with novel pathogenic NR2F1 variants (seven missense, five translation initiation variants, two frameshifting insertion/deletions (indel), one nonframeshifting indel, and five whole-gene deletions).
enrichment of pathogenic NR2F1 missense variants in the DNA-binding domain and the ligand-binding domain
Six missense variants (individual 1, p.Cys128Arg; individual 2, p.Arg135Ser; individual 3, p.Cys138Tyr; individual 4, p.Arg142Leu; individual 5, p.Cys146Arg; individual 7, p.Gly368Asp) were predicted to be pathogenic by two widely used variant annotation tools, Mutation Taster and PolyPhen-2 (see Supplementary Table S1 online). To study the functional effects of these mutations in NR2F1, we performed a dual-luciferase reporter assay. In this assay, firefly luciferase was under control of an NR2F1-activated promoter, NGFI-A (−168/+33), 10 and HEK293T cells were cotransfected with this plasmid with either wild-type or mutant Nr2f1 constructs. The second luciferase, Renilla, served as an internal control for normalization. As shown in Figure 1b , all six missense variants significantly impaired the ability of NR2F1 to fully activate the NGFI-A (−168/+33) reporter. Five of them reside in the DBD and one is located in the ligand-binding domain (Figure 1a ) of NR2F1. One additional missense variant was identified (individual 6, p.Ala155Thr), which is located outside of, but adjacent to, the DBD. This variant was predicted to be pathogenic by Mutation Taster but not PolyPhen-2. The luciferase assay showed that this mutation significantly decreased reporter activity, but only by 30%, which is less dramatic than the decrease in activity resulting from missense substitutions in the DBD itself. Finally, we confirmed that one nonframeshifting indel within the DBD (individual 8, p.Phe110del) also reduced reporter activity. Collectively, the enrichment of pathogenic mutations in the DBD and ligand-binding domain indicates the importance of these highly conserved functional domains in NR2F1.
Decreased NR2F1 protein expression in translation initiation mutations
Coding nonsynonymous variants of the translation initiation codon of NR2F1 have not been reported to date. In this study, we identified five individuals with variants of the translation initiation codon. Two unrelated individuals (individuals 11 and 12) shared the same mutation (c.2T>G, p.M1?). Two additional and unrelated individuals (individuals 13 and 14) shared another variant, c.2T>C, p.M1?. One individual (individual 15) carried a nonframeshifting indel affecting the start codon (c.2_4delTGGinsGGA, p.M1?). Given that the third codon of NR2F1 is "ATG, " which could potentially serve as an alternative start codon when the original start codon is mutated, it was difficult to predict whether coding nonsynonymous changes of M1 would affect translation and thus the abundance of the NR2F1 protein. To test this, we first compared NR2F1 expression levels in human lymphoblast and skin fibroblast cell lines, two easily accessible peripheral cell types of living individuals. We showed that human fibroblasts have much higher NR2F1 expression than lymphoblasts (see Supplementary Figure S1 online). We were able to generate fibroblast cell lines using cells from individuals 13 and 14. The abundance of NR2F1 protein is decreased by approximately 60% in each of these individuals when compared with control cell lines (Figure 2a) . To determine whether decreased NR2F1 protein levels in patient fibroblasts may also result from altered transcription, we assessed NR2F1 messenger RNA levels and compared those with levels in unaffected controls. We found that NR2F1 messenger RNA is approximately 45% decreased in both patients' fibroblast cell lines (Figure 2b) , suggesting that the reduction of NR2F1 protein due to genetic variation in the translation initiation codon may be the result of alterations at both the translational and transcriptional levels.
Clinical phenotypes of NR2F1 haploinsufficiency
Optic atrophy, developmental delay, and intellectual disability are the most well-established clinical features of individuals with BBSOAS. 1 In this study, we report 20 new individuals with heterozygous NR2F1 variants, including seven missense changes, five translation initiation variants, two frameshifting indels, one nonframeshifting indel, and five whole-gene deletions ( Table 1 Original research article (Figure 4) . In summary, we showed that NR2F1 haploinsufficiency leads not only to cognitive deficits and visual impairment but also to a much broader range of phenotypic features, including Original research article low muscle tone, aberrant behavior, and structural changes of brain morphology.
DISCUSSION
The large number of individuals with NR2F1 haploinsufficiency reported herein allows us to better characterize the phenotypic spectrum of BBSOAS. One of the emerging phenotypes associated with heterozygous pathogenic NR2F1 variants is epilepsy. In fact, NR2F1 has recently been reported in the context of infantile spasms. [15] [16] [17] In our study, individuals 2 and 8 were diagnosed with infantile spasms, another six individuals were reported as having other forms of epilepsy (generalized tonic-clonic, atonic, and focal seizures; see Supplementary Information online), and individual 3 had experienced a single febrile seizure. Hearing impairment had previously been reported in one individual with an NR2F1 deletion, 12 but not in other haploinsufficient individuals. 1 Here we report that 4 of 20 individuals have hearing loss, indicating reduced penetrance (20%) for this phenotype. Based on these observations, we suggest that BBSOAS can manifest a wide array of clinical features, but developmental delay/intellectual disability and vision impairment caused by optic atrophy remain the most prevalent ones.
We established a luciferase reporter assay, which provides a valuable functional tool to evaluate the effects of NR2F1 variants on transcriptional activity. 1 In this study we found that all missense variants within the DBD of NR2F1 (p.Cys128Arg, p.Arg135Ser, p.Cys138Tyr, p.Arg142Leu, and p.Cys146Arg) completely abolish transcriptional activity. Only two of the six missense variants identified here do not completely abolish transcriptional activity in the luciferase assay: p.Ala155Thr (individual 6), which is located immediately adjacent to the DBD, and p.Gly368Asp (individual 7), in the ligand-binding domain of NR2F1. Interestingly, the clinical phenotypes of these individuals are relatively mild when compared with those of others with BBSOAS. They both have only mild visual impairment, and no optic atrophy is present. In addition, individual 6, who has the functionally mildest variant, met his developmental milestones on time and currently, at the age of 10 years, attends regular education classes. However, he does have a history of speech problems and dysarthria. Although we currently do not have a large enough number of individuals with hypomorphic NR2F1 variants, this study provides a first hint that genotype-phenotype correlations may exist in the context of BBSOAS. We hope that the identification of additional individuals will establish more robust genotype-phenotype correlations in the future.
We identified five individuals with variants of the translation initiation codon. Based on fibroblast cell lines from two of the five individuals, we showed that these lead to NR2F1 protein reduction, which seems to be the result of alterations at both translational and transcriptional levels. Although the effects of alternate start codons on gene expression are poorly understood, one previous study showed that alternate start codon usage decreases the efficiency of the gene expression at the transcriptional level. 18 The detailed mechanisms of how translation initiation codon variants affect NR2F1 gene expression definitely require further investigation.
To our surprise, the five missense variants in the DBD (p.Cys128Arg, p.Arg135Ser, p.Cys138Tyr, p.Arg142Leu, and p.Cys146Arg) led to decreased reporter activities relative to the empty vector negative control (see negative value of luciferase activity in Figure 1b) . This raises the intriguing question of whether a dominant negative effect may play a role in BBSOAS, given that NR2F1 binds to DNA in the form of dimers. 19 In other words, individuals with heterozygous whole-gene deletions might generally have milder phenotypes compared with those who carry a heterozygous deleterious missense mutation in NR2F1. Indeed, the five individuals with NR2F1 deletion (individuals [16] [17] [18] [19] [20] in this study do have a lower prevalence of the majority of clinical phenotypes when compared with those who carry NR2F1 missense variants that completely abolish transcriptional activity (individuals 1-5). These clinical features include hypotonia (60 vs. 80%), oromotor dysfunction (40 vs. 80%), thin corpus callosum (50 vs. 80%), repetitive behaviors (0 vs. 60%), autism spectrum disorder (20 vs. 40%), seizures (0 vs. 60%), and hearing defect (0 vs. 20%). The absence of optic atropy in individual 20, who is one of the only three individuals without significant visual impairment in this study, may be another example of a milder phenotype with a whole-gene deletion.
The physiological functions of Nr2f1 have been studied extensively in mice. While most, if not all, studies have focused on homozygous knockout animals, and all reported humans diagnosed with BBSOAS carry heterozygous pathogenic NR2F1 variants, the murine studies may inform us, at least partially, about some pathomechanisms underlying specific clinical phenotypes. Constitutive knockout of Nr2f1 is perinatally lethal in mice. Most homozygous knockout mice die within the first 2 days of life as a result of starvation and dehydration. 9 Defects in the formation of the glossopharyngeal nerve in these Nr2f1 −/− pups have been proposed to account for that outcome, and this observation may relate to the oromotor dysfunction observed in heterozygous human individuals. Abnormal development of the corpus callosum, the hippocampal commissure, and thalamocortical projections is seen in embryonic Nr2f1 −/− brains. 8, 20 The presence of dysplasia or hypoplasia of the corpus callosum in 53% of individuals who had clinical magnetic resonance imaging suggests that abnormalities of neuronal guidance and establishment of fiber tracts in the central nervous system may also occur in patients with heterozygous BBSOAS. Several other clinical features appreciated in the human patients-for example, intellectual disability, autism spectrum disorder, and seizures-will be challenging to study in a mouse model, given the perinatal lethality of the homozygous knockout. Whether the Nr2f1 −/+ mouse is an adequate model to recapitulate human phenotypes has yet to be shown.
In summary, we expand the clinical phenotypic spectrum associated with BBSOAS, and we show how functional testing can be useful to inform us about the pathogenic significance of novel variants in the NR2F1 gene.
As the number of individuals identified with BBSOAS continues to grow, families are beginning to connect via social media (https://www.facebook.com/pages/NR2F1-Collabora tive/434582583373135). To gain further insight into the phenotypic spectrum of BBSOAS, a Web-based database has been developed so that the phenotypes of individuals with NR2F1 aberrations can be updated (http://www.nr2f1gene.com).
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